ABSTRACT: Sustained lung inflations (SIs) immediately after birth might decrease the need for subsequent mechanical ventilation in preterm infants. However, effects of SIs on oxygenation and hemodynamics are undetermined. Our aim was to study immediate effects of SIs on heart rate, arterial oxygen saturation, and cerebral tissue oxygen saturation in preterm infants supported with SIs after birth for lung recruitment. Heart rate, arterial oxygen saturation, and cerebral tissue oxygen saturation using near infrared spectroscopy was measured in 24 preterm infants of 28.0 (26.6 -29.3) wk GA [median (interquartile range)] during resuscitation using up to three SIs of 20, 25, and 30 cm H 2 O of 15 s duration each followed by nasal continuous positive airway pressure (CPAP) as first line approach for respiratory support. During positioning and suctioning immediately after delivery infants became progressively hypoxemic and bradycardic before respiratory support was initiated. In 18 infants (75%), more than one SI were applied. During the last SIs, there was a rapid increase in the infants' heart rate and an increase in cerebral tissue oxygen saturation. Arterial saturation increased with slight delay. In conclusion, effective last sustained inflations increase heart rate and cerebral tissue oxygen saturation to be followed by an increase in arterial saturation. (Pediatr Res 70: 176-180, 2011) R eplacement of amniotic fluid by air to establish a gaseous functional residual capacity (FRC) is essential for successful transition after birth (1,2). Term and preterm infants begin to breathe after delivery with deep inspirations and braking of expirations (3-7). Closure of the larynx during expiration may help the newborn to maintain FRC (6, 8) .
R eplacement of amniotic fluid by air to establish a gaseous functional residual capacity (FRC) is essential for successful transition after birth (1, 2) . Term and preterm infants begin to breathe after delivery with deep inspirations and braking of expirations (3) (4) (5) (6) (7) . Closure of the larynx during expiration may help the newborn to maintain FRC (6, 8) .
Clinical and laboratory observations have shown that the application of continuous positive airway pressure (CPAP) helps to establish a gaseous FRC and improve gas exchange (9 -11) . In a preterm animal model, the application of SIs of 10 to 20 s duration did further enhance movement of amniotic fluid into the distal airways resulting in an increased FRC and more uniform lung aeration than CPAP alone (10, 12) .
Clinical studies suggest that the use of SIs in preterm infants may help to reduce the need for intubation and mechanical ventilation without adverse effects (13, 14) . A lower rate of bronchopulmonary dysplasia (BPD) was reported in one study when SIs followed by nasal CPAP was compared with bag and mask ventilation (13) . However, these trials have limited power to prove safety of SIs.
Possible sequelae of SIs include overdistension of the lung and compromise of hemodynamics as a result of the impaired systemic venous return and decreased pulmonary blood flow caused by the increase in intrathoracic pressure during the procedure (15) (16) (17) (18) . Cerebral blood flow may be impaired resulting in brain damage in the preterm infant (19 -21) . Impaired cerebral venous flow may predispose to intraventricular hemorrhage (IVH) (22) or periventricular hemorrhagic infarction (23, 24) .
Near-infrared spectroscopy (NIRS) has been used to measure regional cerebral tissue oxygen saturation (rcSO 2 ) in term and preterm infants (19, (25) (26) (27) (28) (29) (30) . rcSO 2 seems related to both arterial saturation and cerebral blood flow (25, 31, 32) . The aim was to study immediate hemodynamic effects of SIs as measured by heart rate, arterial oxygen saturation (SpO 2 ), and rcSO 2 applied after delivery in very low birth weight (VLBW) infants.
METHODS
This prospective observational study was approved by the local ethics committee (Ethikkommission, University of Ulm, Germany; No. 49/08). Written informed consent was obtained from all parents before or after birth in agreement with the decision of the ethics committee, which included a waiver for this specific situation. Infants Ͻ1500 g born between December 2009 and August 2010 at the University Hospital of Ulm were eligible for this study if respiratory support was indicated and a research team member who was not involved in the care for the infant was present.
Resuscitation was performed according to a local standardized protocol that includes SIs as first line respiratory support as described before (14, 33) . Neonatal resuscitation was performed under an overhead warmer. A F120 respirator (Stephan, Gackenbach, Germany) was used for respiratory support. All infants were wrapped into a plastic bag to avoid evaporative heat loss and positioned supine. A sensor for rcSO 2 monitoring (Foresight, Casmed, Branford, CT) was placed at the center of the infant's forehead and fixed with adhesive tape. Sensors for pulse oximetry (Radical, Masimo, Irvine, CA) were applied on the right hand and left leg. Pulse oximeter settings were 2 s averaging time and maximum sensitivity. After gentle suctioning of excess amniotic fluid from the mouth, a nasopharyngeal tube was inserted at 3-4 cm, and CPAP of 5 cm H 2 O was applied with a fraction of inspired oxygen (FiO 2 ) of 0.4. If the infant had no respiratory activity, the heart rate remained below 100 beats per minute (bpm) and/or SpO 2 did not increase within ϳ15 s a SI of 15 s duration was applied at a pressure of 20 cm H 2 O by pressing the inflation hold of the F120 respirator while closing the infant's mouth and nostrils gently. If the heart rate remained below 100/bpm and/or SpO 2 remained Ͻ70% without further increase the SI was repeated after ϳ15 s up to two times using pressures of 25 and 30 cm H 2 O, respectively. In this study, a SI that was repeated at a higher pressure is called "ineffective" SI. The last SI applied was called "effective last" SI. This SI was frequently accompanied by an increase in heart rate Ͼ100 bpm and followed by an increase in SpO 2 . Thereafter, nasal CPAP or nasal intermittent mandatory ventilation was continued at the discretion of the clinical team at a FiO 2 adjusted to maintain a preductal SpO 2 at 80 -92%. Criteria for intubation and invasive ventilation after SIs were FiO 2 Ն0.4, persistent heart rate Ͻ100/bpm, or a GA Ͻ25 wk for prophylactic surfactant therapy. Chest compressions would have been applied if bradycardia Ͻ60 bpm would have persisted after intubation and MV. Serial data of the Radical pulse oximeter and Foresight cerebral oximeter were recorded in 2 s intervals simultaneously, and data were processed in Excel (Microsoft, Redmond, WA).
Statistical analysis. Medians and interquartile ranges are given. Data were analyzed using ANOVA, ANOVA on ranks for repeated measurements or paired t test, where appropriate. Mean values of variables of interest measured during the 15-s interval before a SI were compared with data obtained during SI and with data obtained during the 15-s interval after the SI. Values at the beginning of the SIs were compared with values at the end of the SIs. Data were analyzed with SigmaStat V2.03 (Systat Software, San Jose, CA).
RESULTS
During the study period, 88 infants Ͻ1500 g birth weight were born at our unit with 27.1 (25.2-29.0) wk GA and 860 (708 -1106) g birth weight. Of these infants, 80 (91%) were delivered by cesarean section and 75 (85%) received SIs for respiratory support. rcSO 2 was measured in 36 infants (41%). Twelve infants were excluded, because rcSO 2 signal was not available before SIs were performed (n ϭ 9), or because no SI was necessary for respiratory support (n ϭ 3).
Twenty-four VLBW infants were included in the analysis. Characteristics of infants are summarized in Time from birth to the beginning of monitoring was 52 (40 -54) s. At the beginning of monitoring, the heart rate was 109 (85-130) bpm, the preductal SpO 2 was 51% (41-56%), and the postductal SpO 2 was 36% (30 -49%). While wrapping the infants into a plastic bag, suctioning, and application of a nasopharyngeal tube for CPAP, the heart rate decreased to a minimum of 65 (58 -84) bpm, the minimal preductal SpO 2 was 41% (30 -54%), and the postductal SpO 2 was 21% (10 -40%). With respiratory support including sustained inflations, the heart rate increased to Ͼ100 bpm within 56 s after beginning of the monitoring period. By 1 min, the preductal SpO 2 was 50% (39 -60%), reached 81% (63-90%) by 2 min and continued to rise to a median of 90% (86 -92%) at 10 min (Fig. 1A, B) . At the beginning of monitoring, rcSO 2 was 36% (31-47%) and increased to 40% (33-51%)% at 1 min, 64% (54 -70%) at 2 min, and reached a steady state of ϳ76 -80% after around 4 min (Fig. 1C) .
To analyze the immediate hemodynamic effects of the SIs in more detail, heart rate, preductal SpO 2 , and rcSO 2 were analyzed in SIs that were repeated at a higher pressure for clinical reasons (called "ineffective SI") and in SIs that were not repeated (called "effective last" SI) separately. Data obtained during SIs were compared with data obtained immediately before and after SIs. Ineffective SIs did not affect heart rate (p ϭ 0.31), SpO 2 (p ϭ 0.18), or rcSO 2 (p ϭ 0.38; Fig.  2A-C) . During effective last SIs, there was a rapid increase in heart rate from 77 (65-117) bpm at the beginning of the effective last SIs to 124 (92-150) bpm at the end of the effective last SIs (p Ͻ 0.001) associated with a slow increase in SpO 2 (p Ͻ 0.01) and rcSO 2 (p Ͻ 0.001). After the effective last SIs, SpO 2 increased rapidly (Fig. 2D-F) . Short-term outcomes of the infants are given in Table 2 .
DISCUSSION
To our knowledge, this is the first report on rcSO 2 as measured by NIRS in VLBW infants during the first minutes after birth. Recently, data on rcSO 2 have become available in healthy term infants during immediate postnatal adaptation (34 -36) . In these infants, cerebral oxygenation rose continuously and reached a plateau after around 7-8 min after birth without any support of respiration (34, 36) . In this study, rcSO 2 remained low and heart rate and SpO 2 continued to decrease until respiratory support was initiated. The increase in heart rate and SpO 2 with respiratory support including application of SIs for lung recruitment seems similar to the increase observed in infants Ͻ30 wk GA where intermittent positive pressure ventilation or bag and mask ventilation had to be applied in most infants (37) . The long-time constant of the newborn lung filled with amniotic fluid suggests that the use of a SI may be a better approach to create a gaseous FRC than the use of short breaths (12) . In preterm rabbits, SIs of 20-s duration were shown to achieve a larger gas volume without total or regional lung over inflation compared with 10-s SIs or short breaths (10, 12) . By phase-contrast x-ray, it was demonstrated that about 15 s of SI are required for uniform lung aeration in these animals (12) . This corresponds well with the duration of SIs used in our delivery room clinically.
However, SIs have been associated with adverse hemodynamic effects in various adult animal models (15) (16) (17) . Increased intrathoracic pressure may impair venous return to the right heart, and alveolar overdistension may compress of perialveolar capillaries resulting in an increase in pulmonary vascular resistance and compromised left ventricular venous return and cardiac output. Decreased pulmonary blood flow, transient hypotension, and low cardiac output during periods of increased intrathoracic pressure have been demonstrated (15) (16) (17) . The magnitude of these effects was dependent on the inflation pressure applied and on the mechanical characteristics of the lung with less interference in the more severely injured lung with low lung compliance (15) .
Severe hemodynamic effects of SIs are less likely to occur in the newborn. Before birth, pulmonary vascular resistance is high, and systemic cardiac output is maintained to a large part by right to left shunting at the ductus arteriosus and at the atrial level. In the first minutes after birth, right to left shunting persists as evidenced by the difference in pre-and postductal SpO 2 found in our infants in the first minutes after birth. This might protect the systemic arterial circulation if pulmonary vascular resistance is increased during SIs. The fact that in the preterm sheep animal model, the mean arterial pressure, the heart rate, and the central venous pressure were not altered by a SI at 15 min after birth in contrast to a SI applied 4 h later supports this consideration (38) .
Direct measurements of cardiac output and cerebral blood flow are not possible during immediate neonatal resuscitation of preterm infants. However, NIRS allows estimation of cerebral hemodynamics by investigation of rcSO 2 noninvasively. rcSO 2 represents the mixed oxygen saturation in a multicompartmental system of arteries, arterioles, capillaries, venules, and veins. The cerebral venous blood volume fraction contributes ϳ70 -75% to rcSO 2 at normoxia (39) . rcSO 2 is affected by several factors: arterial saturation, cerebral blood flow, cerebral blood volume, and cerebral oxygen consumption (40). Recent animal studies indicate correlation of the rcSO 2 with cerebral blood flow under stable experimental conditions with high sensitivity to variations in cerebral blood flow at 0.1 Hz and below (32, 41) . In clinical studies in preterm infants, there was positive correlation of rcSO 2 with superior vena cava flow of which ϳ80% is estimated to be venous return from the brain (25, 31) . Therefore, we expect that a clinically relevant impairment of cerebral blood flow together with an impaired cerebral venous return during a SI should be detectable by NIRS measurement, even in the situation of unstable SpO 2 and unknown brain metabolism during neonatal resuscitation. Nevertheless, accuracy of the rcSO 2 and SpO 2 in the situation of severe hypoxemia may be impaired.
We did not observe a decrease of rcSO 2 during ineffective or effective SIs in our VLBW infants. Therefore, as the arterial SpO 2 remained relative stable during SIs, a relevant decrease of cerebral blood flow seems unlikely during SIs. Nine infants had to be excluded from analysis, because the rcSO 2 signal was available only after SIs were applied. Although not reaching statistical significance, these infants were smaller [710 (545-905) g] and less mature [25.9 (24.3-28.3) wk GA]. We cannot rule out bias from excluding these infants. However, clinically, even the smallest premature infants seem to respond to SIs similar to more mature VLBW infants.
Because of the differences in the lung mechanics, different pressures might be necessary to aerate the lung in individual infants. Therefore, our local protocol suggests to apply the first SI at a lower pressure to avoid overdistension of the lung and to increase the pressure for each subsequent SI to aerate the lung (14, 33) resulting in increasing SpO 2 and heart rate.
The first SI at 20 cm H 2 O was considered ineffective in 75% of infants by the clinical team because heart rate and SpO 2 remained unchanged during and after the SIs. Ineffective SIs might prolong the time until effective ventilation, and in four infants the heart rate continued to fall during ineffective SIs. However, rcSO 2 remained stable in these infants.
Finally, the heart rate and saturation increased in timely association with the second SI at a pressure of 25 cm H 2 O in 16 infants and with a third SI of 30 cm H 2 O in two infants. The inflation pressures we finally used are little higher than opening pressures observed in preterm infants at a median age of 3 h during high frequency oscillation ventilation (HFOV) before surfactant therapy (42) . In this study, temporary recruitment at these pressures was tolerated without clinically relevant hemodynamic compromise (42, 43) .
The tremendous increase in heart rate observed during effective last SIs before cessation of hypoxemia is surprising. Several mechanisms might be responsible for the bradycardia after birth. First, the direct effect of hypoxemia on cardiac musculature (44) . Second, bradycardia might be the result of a vagal reflex secondary to low left and right atrial venous return after cord clamping (45) and to iatrogenic maneuvers like suctioning and nasopharyngeal tube insertion. During resuscitation clinically, the normalization of the heart rate seems to indicate aeration of the lung and recovery of the infant. Eventually, oxygenated blood may enter the coronary arteries before the increase of SpO 2 can be measured at the peripheral level and by this normalize the heart rate. In addition, reflectory vagal inhibition induced by moderate lung inflation resulting in acceleration of the heart rate has been demonstrated in animal experiments (46, 47) . Finally, we cannot rule out spontaneous recovery, eventually enhanced by previous ineffective SIs. The increase in heart rate was accompanied by increasing rcSO 2 . We speculate, that this is the result of a higher cardiac output and cerebral blood flow at a higher heart rate.
So far, two randomized trials compared a delivery room approach including the use of SIs with standard treatment (13, 14) . In addition, two retrospective studies compared the use of SIs in the delivery room with standard treatments of historic cohorts (33, 48) . These studies included 302 infants treated with SIs. The use of SIs seems to be associated with a decreased need for mechanical ventilation and BPD. No increased rate of IVH was associated with the application of SIs after birth in these infants (13, 14, 33, 48) . However, because of the retrospective design of two studies and the limited power of the two randomized trials despite the reasonable sample size, a small but clinically relevant adverse effect on the rate of IVH and neurodevelopmental outcome cannot be excluded. Our results imply that the application of SIs in VLBW infants is not associated with decreasing rcSO 2 , but with increasing heart rate and increasing rcSO 2 if performed at an effective pressure. These data might be helpful for initiation of a randomized trial to compare the effects of SIs with other modes of respiratory support powered for relevant outcome measures such as BPD or even better survival without neurodevelopmental impairment.
In conclusion, we were able to show that during effective last SIs, the heart rate and rcSO 2 increased, followed by an rapid increase in SpO 2 . A large clinical trial is needed to evaluate the effects of SIs in comparison with other modes of delivery room respiratory support on long-term outcome measures.
